An improved method is described for the efficient production of M13 phage and M13 single-stranded (ss) 
INTRODUCTION
With the ever-expanding scope for the analysis of the genomes from the microbial, plant and animal world, there is a need for improving the quality and quantity of DNA for sequencing and mapping with as little effort as possible. The dideoxy chain-termination method was originally developed to sequence single-stranded (ss)DNA (9) and has been modified to sequence double-stranded DNA molecules (3, 4) . The bacteriophage M13 has been widely used for DNA sequencing of singlestranded cloned inserts using universal primers. The bacteriophage M13 exists as single-stranded and double-stranded DNA in its life cycle. ssDNA phage particles are extruded through the membrane of the infected E. coli cells into the culture medium and provide a ready source for purification of ssDNA that can be used for sequencing, mutagenesis and hybridization (8) .
The efficient production of phage particles with concomitant yield of ss -DNA depends on a number of parameters including host, vector, growth temperature, aeration and composition of the growth medium. In addition, infection of E. coli cells with phage particles from a plaque is a major variable. Some researchers "plug" an entire plaque with a micropipet tip or Pasteur pipet, and others use a tooth pick to touch or pick through the plaque and infect E. coli . As variable as the method of picking the plaque is, the multiplicity of infection (MOI) and the subsequent yield of ssDNA can vary by several orders of magnitude.
Genome sequencing projects demand a 5-fold to 10-fold redundancy of sequencing of clones generated by shotgun cloning. This translates into a large number of DNA molecules of sufficient purity and quantity for sequencing. Under the best conditions of infection and growth available, the yield of ssDNA from 1.5-mL cultures is about 10 µ g, and an order of magnitude lower than this is not useful. We have therefore tested and supplemented the components of the growth medium to accommodate the variability in the MOI over three orders of magnitude in order to produce constant high yields of phage particles in the range of 10 12 / mL with ssDNA yields of 10-15 µ g. (5) were obtained from New England Biolabs (Beverly, MA, USA). M13mp18 containing a 700-bp insert ( crr gene of E. colisugar transport system) was used in these studies (6) .
MATERIALS AND METHODS

Materials
Growth Medium and Culture Conditions
LB and SOB media (defined in Table 1 ) (without MgCl 2 and MgSO 4 ) were prepared as described (7) . The media were supplemented with a stock solution of 1 M MgCl 2 and 1 M MgSO 4 as described in the results. TG1 cells were grown overnight from a colony in LB medium. LB or SOB media were inoculated with TG1 (1:100) and incubated at 37°C for 1 h with agitation at 300 rpm. One and one-half milliliters of this culture, containing about 5 ×10 7 cells, were distributed LB broth: (1% Tryptone, 0.5% Yeast Extract, 80 mM NaCl). SOB broth: (2% Tryptone, 0.5% Yeast Extract, 10 mM NaCl, 2.5 mM KCl, 10 mM MgCl 2 , 10 mM MgSO 4 ). TG1 cells (1.5 mL) were grown either in LB broth or SOB broth and infected with the phage particles as indicated. Yield was determined after 6 h of growth. The results are the average of two experiments. 
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into 15-mL Falcon ® tubes (Fisher Scientific, Pittsburgh, PA, USA), and each was infected with a fixed or defined number of M13 phage particles and grown for various times ranging from 2-6 h at 37°C at 300 rpm. The cells were aerated by orienting the tubes at a 45°angle fitted in a tube rack.
Determination of the Number of Phage Particles
At the end of the growth period, each culture was transferred into 1.5-mL microcentrifuge tubes and centrifuged for 6 min at the maximum speed in an Eppendorf ® Model 5415C microcentrifuge (Brinkmann Instruments, Westbury, NY, USA). The culture supernatant containing the phage particles was transferred into a fresh microcentrifuge tube. A number of serial dilutions (10 2 , 10 4 , 10 6 , 10 7 , 10 8 and 10 9 ) of the culture supernatant were made in LB medium. A fixed volume (1-5 µ L) of the diluted phage supernatant (usually 10 7 , 10 8 and 10 9 dilutions) was mixed with 0.2 mL of fresh TG1 cells and 3 mL of R-Top agar (8), poured onto an LB/agar plate and incubated at 37°C overnight. The number of plaques in the undiluted culture supernatant was calculated from the number of plaques in the plate.
Purification of ssDNA
Each culture was transferred into 1.5-mL microcentrifuge tubes and centrifuged for 6 min at the maximum speed in an Eppendorf Model 5415C microcentrifuge. Phage particles in approximately 1.4 mL culture supernatant were precipitated in a fresh tube by the addition of 0.2 mL 20% polyethyleneglycol/2.5 M sodium chloride solution. After 30-min incubation at room temperature (or overnight at 4°C), phage particles were pelleted in an Eppendorf microcentrifuge at the maximum speed for 10 min. The supernatant was decanted, briefly recentrifuged and the remaining supernatant completely removed by aspiration with a drawn-out pipet. The phage pellet was suspended in 100 µ L TE (10 mM Tris-HCl, pH 8.0, 1 mM EDTA), extracted with 50 µ L phenol and centrifuged for 3 min at 
DNA Sequencing
The quality of M13 ssDNA was assessed by determining the DNA sequence manually using Sequenase (10) by the chain-terminating dideoxynucleotide method of Sanger et al. (9) as modified by Biggin et al. (1) .
RESULTS AND DISCUSSION
LB broth and SOB broth are two popular media routinely used for phage and ssDNA production. TG1 cells were grown in these two media for 1 h and infected with 5, 50, 500 or 5000 M13 phage particles and grown for 6 h to test the M13 phage yield at each MOI. Significant differences were found in the yields, which are shown in Table 1 . In the case of growth in SOB, infection with M13 phage particles over a range of three orders of magnitude yielded 10 11 -10 12 phage per mL of culture supernatant. On the other hand, the M13 phage yield in LB for the same level of infection was reduced by 100-fold when 5 phage particles were used for infection and reduced by 10-fold when 50 phage particles were used. At higher MOI, the M13-phage yield was about the same. These results clearly demonstrate that SOB has the ability to yield about 10 12 phage particles/mL starting with as few as 5 phage particles. It also demonstrates that the variability in the picking of phage particles from plaques does not significantly influence the final yield of M13 phage if the cells are grown in SOB.
Since the major difference in the composition of LB and SOB media appear to be in the presence of divalent cation Mg 2+ in SOB, an investigation into the requirement for Mg 2+ related to the yield of phage was undertaken.
Both the broths were supplemented with Mg 2+ as indicated in Table 2 . Phage particles used for infection were 5 and 5000, the lowest and highest to account for the variability in plaque picking. Again, the final yield of phage was in the range of 10 11 -10 12 /mL when the cells were infected with 5000 phage particles and grown in either broth with or without added Mg 2+ . When the cells were infected with 5 phage particles and grown in either broth in the absence of added Mg 2+ , the phage yield was lowered by 100-fold. By supplementing both the broths with Mg 2+ , the phage yield was improved 100-fold, a sufficient level for purifying 10-15 µ g of ssDNA. It is not surprising to see Mg 2+ as the positive effector of phage yield because Mg 2+ is an essential component of the DNA replication apparatus. Optimal Mg 2+ concentration appears to be approximately 5 mM. Trace levels of Mg 2+ in the unsupplemented medium could account for the production of 10 9 -10 10 phage particles.
The results in Table 3 show the phage yield as a function of the time course of infection and growth. It shows that growth for as little as 3 h has produced about 10 12 phage particles per mL, sufficient enough to yield 10-15 µ g of ssDNA. Longer periods of growth did not significantly increase the number of phage particles. Previously adopted M13 phage production procedures required at least 4-6 h of growth for obtaining sufficient DNA for sequencing (8) . Longer periods of growth are not desirable for several reasons : (i) it is possible to obtain deletion mutants with longer growth time, (ii) the quality of ssDNA purified from M13 phage grown for a shorter time is superior because of less host cell lysis and (iii) shorter growth times allow for greater experimental flexibility.
To test the quality of ssDNA in DNA sequencing reactions, manual sequencing reactions were carried out with Sequenase and [ α -35 S]dATP (Figure 1) . The band intensity in the autoradiogram representing molecules that terminate with one or the other base are evenly distributed. This is attributable to the high quality of ssDNA.
This method described here for the production of M13 ssDNA is rapid and efficient and uses standard laboratory 858BioTechniques
Vol. 20, No. 5 (1996) Figure 1 . DNA sequencing by the radiolabeled manual method. 1 µ g of M13 ssDNA, containing the crr gene (6), was sequenced using the Sequenase Version 2.0 sequencing kit. M13 primer KMG2 (5 ′ CACGACGTTGTAAAACGACG-GCCAG3 ′ ) was used for sequencing. Half of the reaction products were electrophoresed on 6% acrylamide gel (20 ×60 cm). Twelve different preparations of ssDNA of the same clone were sequenced for quality assurance.
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